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site	 fidelity	strategy.	This	 is	an	optimal	evolutionary	strategy	when	site	quality	 is	





4.	 Space	use	 and	demography	 are	 commonly	 studied	 separately.	More	 so,	 site	 fi-
delity	 patterns	 are	 rarely	 framed	 in	 the	 context	 of	 ecological	 theory,	 beyond	
questions	 related	 to	 the	win‐stay:lose‐switch	 rule.	 To	move	 beyond	 describing	
patterns	and	understand	the	adaptive	selection	driving	species	movements	and	
















Jakobsson,	 1988),	 efficient	 movements	 and	 use	 of	 microenviron-
ments	 (Vlasak,	2006),	 effective	predator	avoidance	 (Brown,	2001)	
and	decreased	conflict	with	neighbours	(Stamps,	1987).
The	 evidence	 for	 fitness	 or	 demographic	 benefits	 of	 site	 fi-
delity	 has	 historically	 been	 limited	 (Piper,	 2011),	 but	 increasing	
(e.g.	 Lafontaine,	 Drapeau,	 Fortin,	 &	 St‐Laurent,	 2017;	 Patrick	 &	
Weimerskirch,	2017).	Site	 fidelity	 is	an	emergent	property	of	 indi-
vidual's	spatially	restricting	their	movements	to	only	certain	areas.	
This	 restriction	 ultimately	 influences	 the	 population's	 distribution	
and	abundance	and	can	structure	meta‐populations	via	immigration/
emigration	 (Matthiopoulos,	 Harwood,	 &	 Thomas,	 2005;	 Schmidt,	





on	 the	 evolutionary	 context	 and	mechanisms	driving	natal	 disper-






An	 individual's	 decision	 to	 remain	 faithful	 to	 its	 breeding	 area	
has	 often	 been	 linked	 to	 their	 past	 breeding	 experience	 (Hoover,	
2003;	Schmidt,	2004;	Switzer,	1997).	This	suggests	individuals	use	
their	 experiences	 to	 assess	 breeding	 site	 quality	 (Schmidt,	 2001).	




breeding	 sites	 if	 they	 are	 unsuccessful.	 The	 type	 of	 information	









The	 ecology	 of	 information	 theory	 frames	 breeding	 site	 fidel-
ity	decisions	 in	 terms	of	 the	 spatial	 and	 temporal	 variability	of	 the	
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fidelity	to	the	habitat	patch.	Thus,	we	should	expect	an	individual	to	















in	breeding	 site	quality,	 and	 spatial	 constraints	of	 their	 lek	mating	
system.	The	Gunnison	sage‐grouse	is	a	recently	recognized	species	
(Young,	Braun,	Oyler‐McCance,	Hupp,	&	Quinn,	2000)	occurring	in	
the	sagebrush	 (Artemisia	 spp.)	habitats	of	 south‐western	Colorado	
























We	 hypothesized	 Gunnison	 sage‐grouse	 have	 high	 fidelity	 to	
a	 breeding	 patch,	 but	 not	 to	 specific	 nest	 sites	 within	 the	 patch	
(Fischer,	Apa,	Wakkinen,	Reese,	&	Connelly,	1993).	 Individuals	are	
typically	 faithful	 to	 a	 lek	 or	 a	 lek	 complex	 (group	 of	 nearby	 leks;	
Connelly,	Hagen,	&	Schroeder,	2011)	and	commonly	nest	within	the	
same	area	as	 their	 lek	 (Gunnison	sage‐grouse:	average	of	2–4	km;	
Young	et	al.,	2015).	We	did	not	expect	Gunnison	sage‐grouse	to	be	
faithful	to	nest	locations	(Fischer	et	al.,	1993).
2  | MATERIAL S AND METHODS
2.1 | Study area











and	 2010	 using	 spot‐lighting	 techniques	 (Giesen,	 Schoenberg,	 &	
Braun,	 1982;	Wakkinen,	Reese,	Connelly,	&	Fischer,	 1992).	We	 fit	
Temporal 
variation Spatial variationa Information Site fidelity predictionb
High Site	≡	Patch None Always	stayc
High Site	>	Patch None No	Fidelity	–	move	among	sites,	rather	
than	patches,	regardless	of	breeding	
success
High Patch	>	Site None No	Fidelity	–	move	among	patches,	
rather	than	sites,	regardless	of	breed-
ing	success
Low Site	≡	Patch None Always	stayc
Low Site	>	Patch Private Fidelity	to	Site	(WSLS‐Site)
















ing	 seasons	 (16	 July–30	 September;	 Rice	 et	 al.,	 2017).	 Observers	
were	trained	to	maximize	the	accuracy	of	azimuths	while	consider-
ing	constraints,	 such	as	private	property.	Each	relocation	 included	
recording	 multiple	 azimuths	 (≥2)	 from	 known	 locations,	 typically	
within	 30	min	 or	 less.	 Relocating	 individuals	 occurred	 throughout	
the	day	(0800–1700	hr.).	A	female	was	determined	to	be	nesting	if	
found	 in	 the	 same	 location	 for	more	 than	 three	consecutive	days.	
Visual	observations	of	 females	on	nests	were	avoided	to	minimize	












as	 agriculture	 and	development;	 Figure	1;	 see	Appendix	 S1).	 Each	
patch	consists	of	multiple	 leks.	 It	 is	at	this	scale	that	we	examined	
site	fidelity	within	and	among	patches.	The	six	breeding	patches	are	
South	 Parlin,	North	 Parlin,	 Signal	Mountain,	 Flat	 Top,	Ohio	Creek	
and	Chance	Gulch	(Figure	1).
2.4 | Spatial and temporal variation in breeding 
site quality
Historical	 sage‐grouse	habitat	 consisted	of	 large	expanses	of	 con-
tiguous	 sagebrush,	 which	 are	 relatively	 stable	 ecosystems	 at	 the	









We	 considered	 environmental	 spatial	 variability	 within	 and	
among	breeding	patches	by	examining	spatial	patterns	 in	nest	site	




and	 grass	 cover	 and	 height;	 yi,s)	 at	 nest	 i	 in	 breeding	 patch	 s,	 we	
estimated	 a	 mean	 (µs)	 and	 variance	 (휎
2
s
)	 for	 each	 breeding	 patch,	
where	log (yi,s)∼Normal(휇s, 휎2s ) and µs	are	patch‐level	random	effects	




Group,	2017)	 at	 estimated	 sage‐grouse	 locations	 (details	 provided	
below)	within	and	across	breeding	patches.	For	each	model,	we	used	









Measuring	site	quality	 is	difficult	due	to	 the	complexity	of	 inter-















2.5 | Spatial and temporal variation in nest success
To	 understand	 whether	 site	 and	 patch	 environmental	 variability	
translates	 into	 breeding	 area	 quality	 variability,	 we	 examined	 the	




(e.g.	 year,	 timing	 of	 incubation	 initiation	 and	 nest	 age)	 and	 age	 of	
the	 nesting	 female	 (yearling	 or	 adult).	We	used	 a	 predictive	mod-
elling	 framework	 that	 optimizes	 within‐sample	 predictive	 perfor-
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able	 in	 terms	of	 important	ecological	effects	 (see	Gerber,	Kendall,	
Hooten,	Dubovsky,	&	Drewien,	2015;	Hooten	&	Hobbs,	2015).	We	
used	 the	 same	 procedure	 to	model	 nest	 success	 as	 a	multinomial	
outcome	to	evaluate	whether	predation	on	nesting	females	or	eggs	
drives	 nest	 failure	 and	 whether	 it	 varied	 spatially	 or	 temporally	
(0	=	nest	failed	or	was	abandoned,	1	=	nest	failed	due	to	the	female	
or	eggs	being	depredated,	2	=	nest	success).	Predation	could	make	
quality	 nest	 site	 selection	 highly	 unpredictable	 and	 thus	 may	 af-
fect	 female	 site	 fidelity.	We	 conducted	model	 fitting	 optimization	
and	 cross‐validation	 for	 both	 analyses	 in	 the	 R	 package	 “glmnet”	
(Friedman,	Hastie,	&	Tibshirani,	2010).
2.6 | Spatial and temporal variation in survival
We	further	considered	variation	 in	breeding	site	quality	by	eval-
uating	 the	 spatial	 and	 temporal	 variation	 in	 chick,	 juvenile	 and	
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yearling/adult	survival	across	breeding	patches	by	extending	pre-
vious	 analyses	 of	 these	 populations	 (Davis,	 Phillips,	 &	 Doherty,	
2015b,	 2016).	We	 used	 the	most	 parsimonious	models	 of	 these	
analyses	 and	 include	 additional	 individual	 covariates	 indicating	
the	breeding	patch	location	of	the	individual.	We	evaluated	tem-
poral	and	spatial	survival	differences	by	comparing	models	using	
AIC,	BIC	 and	 likelihood	 ratio	 tests,	 and	estimating	 the	expected	
marginal	 differences	 between	 breeding	 patch	 coefficients	 (e.g.	






this	occurred	after	nest	 failure	 in	 the	previous	year.	We	also	es-
timated	 the	 Euclidean	 distance	 between	 consecutive	 year	 nest-
ing	locations	and	evaluated	whether	female	sage‐grouse	are	more	
likely	 to	nest	 close	 to	a	previous	nest	 location	 if	 they	were	 suc-












sion	model	with	a	 single	variable	 indicating	whether	 the	 first	year	
was	successful	or	not	(NestSuccessYear1).






lization	distributions	correspond	 to	activities	after	 leaving	 the	 lek,	
during	 the	 nesting	 period.	We	modelled	 the	 telemetry	 data	 using	








The	 parameter	 κ	 is	 an	 estimate	 of	 azimuthal	 uncertainty,	 rec-
ognizing	 that	 the	 location	of	each	bird	 is	not	known	exactly;	 sim-
ulations	based	on	 the	 sage‐grouse	data	 indicated	 good	 statistical	
properties	 for	 estimating	 κ	 and	 thus	 coverage	 of	 the	 true	 animal	
location	(Gerber	et	al.,	2018).	We	used	the	estimated	spatial	loca-
tions	(µli)	along	with	a	small	number	of	aerial	and	known	locations,	
in	 a	 nonparametric	 kernel	 density	 estimator	 (Hooten,	 Johnson,	
McClintock,	 &	Morales,	 2017)	 to	 derive	 each	 individuals	 season/
year	utilization	distribution.	Aerial	locations	were	taken	with	a	GPS	
during	 low‐altitude	 flights	 that	 circled	 the	 bird's	 location.	We	 as-
sumed	these	locations	were	not	known	exactly	by	treating	them	as	









To	measure	 breeding	 and	 brooding	 area	 site	 fidelity,	we	 com-
pared	 individuals'	 utilization	 probability	 distribution	 (UD)	 across	
















sights	 into	 site	 fidelity	 behaviour	 by	 comparing	 (a)	 among	 all	UDs	
within	 and	across	 seasons	 (breeding–breeding,	brooding–brooding	
and	breeding–brooding)	for	consecutive	and	non‐consecutive	years,	
(1)
Observation Process: 𝜃lij∼vonMises(𝜃lij , 𝜅li),
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and	(b)	within	breeding	season	by	nest	success.	Since	the	number	of	






A	 total	 of	 94	 female	 sage‐grouse	were	 relocated	 in	 at	 least	 two	
seasons	 with	 a	 minimum	 of	 10	 locations	 per	 season	 between	
2004	 and	 2010	 (see	 Appendix	 S2:	 Table	 A1).	 We	 observed	 a	
total	 of	23,869	azimuths	 across	 all	 individuals,	which	were	used	











small	number	of	each	 individuals'	 location	data	 (<5%),	except	 for	
one	individual	that	had	142	locations	split	between	two	patches.	
Individuals	observed	at	multiple	patches	were	not	limited	to	only	
using	 adjacent	 patches.	 The	 majority	 of	 individuals	 during	 the	




3.2 | Spatial variation in breeding site quality
We	 found	 that	 vegetation	 characteristics	 were	 more	 variable	
within	a	breeding	patch	than	across	patches	(Appendix	S1:	Figure	
A2).	 In	contrast,	we	 found	considerably	more	variation	 in	annual	
precipitation	across	patches	than	within	(Appendix	S1:	Figure	A3).	
We	 also	 found	 that	 sage‐grouse	 locations	 dominantly	 occurred	
within	 frigid‐ustic	 (cold‐intermediate	 moisture)	 and	 cryic‐udic	
(cool‐moist)	 soils	 (Appendix	 S1:	 Figure	 A4).	 These	 soil	 regimes	
typify	 elevated	 productivity	 within	 shrub‐steppe	 communities	
(Chambers	et	al.,	2016).	While	the	dominant	soil	types	were	gen-
erally	 similar	 across	 the	 breeding	 patches	 (Appendix	 S1:	 Figure	
A4),	 a	model	 allowing	 the	 probabilities	 to	 vary	 across	 soil	 types	
(Msoil)	had	better	predictive	ability	with	the	data	(measured	by	AIC)	
than	 a	model	 that	 considered	 them	constant	 (Mnull; ΔAICMsoil	 =	 0,	
ΔAICMnull	=	15,069.57).
















UD	areas	were	 smallest	 at	 Flat	Top	 (2.46	km2),	 then	Ohio	Creek	
and	 South	 Parlin	 (~3.57	 km2),	 then	 Signal	Mountain	 and	Chance	
Gulch	 (~4.89	 km2),	 and	 were	 largest	 at	 North	 Parlin	 (9.61	 km2).	
Within‐patch	 variation	 in	 the	 brooding	 season	was	 greater	 than	
across	patch	variation	only	at	North	Parlin	and	Flat	Top	(Appendix	
S1:	Figures	A5	and	A6).
3.3 | Spatial and temporal variation in nest success
We	 observed	 a	 total	 of	 177	 nests	 belonging	 to	 120	 individu-
als.	 We	 found	 no	 support	 for	 any	 covariates	 hypothesized	 to	
influence	 nest	 success	 and	 failure	 (Appendix	 S1:	 Figure	 A7).	
The	 optimal	 predictive	model	 indicated	 a	mean	 nest	 success	 of	
0.446 ± 0.038 SE.	We	also	 found	no	support	 for	any	covariates	




3.4 | Spatial and temporal variation in survival




and	 temporal	 variation	 in	 survival”).	 We	 also	 found	 relatively	
minimal	variation	in	survival	of	the	different	age	groups	by	breed-
ing	patch	(Appendix	S1:	Tables	A1–A5	and	Figure	A9).	Among	all	
pairwise	 comparisons,	we	 found	 chick	 survival	was	much	higher	
(comparing	 maximum‐likelihood	 estimates)	 at	 Ohio	 Creek	 than	
Signal	Mtn.	 and	North	Parlin	 (Appendix	S1:	Table	A4).	 In	 the	 ju-
venile	survival	analysis,	we	found	North	Parlin	had	higher	survival	
than	 South	 Parlin.	 All	 other	 comparisons	 were	 not	 statistically	
significant;	detecting	differences	that	were	not	extreme	was	dif-
ficult	due	to	high	parameter	uncertainty.	Last,	adult	survival	was	
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3.5 | Nest site fidelity
Out	of	43	individual	sage‐grouse	with	multiple	years	of	nesting	loca-
tion	data	 (consecutive	years	and	not,	 range	of	2–4	years	per	 indi-
vidual),	only	a	single	 individual	was	observed	to	nest	 in	more	than	
one	 breeding	 patch.	 This	 individual	 was	 observed	 nesting	 in	 one	
patch	in	2005	and	2006	and	a	different	patch	in	2008	and	2010;	in	
all	 years,	 this	 individual	was	 successful	 at	 hatching	 chicks.	Among	
47	consecutive	year	nesting	comparisons,	(36	unique	individuals)	no	
birds	were	observed	 to	 switch	breeding	patch;	19	out	of	47	were	
unsuccessful	 in	 the	 previous	 year,	 but	 did	 not	 switch	 their	 patch.	
We	 found	 support	 for	 a	negative	effect	 (P(βNestSuccess	 <	0)	=	0.96;	
E[βNestSuccces]	=	−0.713,	−1.45	to	0.073,	95%	credible	interval)	of	nest	





we	 found	 no	 improvement	 in	 nest	 success	 in	 the	 second	 year	
based	 on	 the	 first‐year	 nest	 success	 (P(βNestSuccessYear1>	 0)	 =	 0.26;	 
E[βNestSuccessYear1]	=	−0.404,	−1.60	to	0.790,	95%	credible	interval).
3.6 | Breeding and brooding space‐use and 
patch fidelity




during	 both	 the	 breeding	 and	 brooding	 seasons	 (Appendix	 S1:	
Figure	A10;	>0.91	proportion	of	 individuals	used	the	same	patch	
across	 all	 comparisons).	 Comparing	 consecutive	 year	 space	 use	
in	the	breeding	season,	only	a	single	 individual	 (total	of	46	com-
parisons)	was	observed	to	use	two	different	patches.	During	the	





and	91%	of	 all	 comparisons	were	within	 the	 same	patch	 for	 the	
breeding	and	brooding	season,	respectively	(73	and	90	total	com-
parisons;	Appendix	S1:	Figure	A10).
We	 found	 seasonal	 space‐use	 overlap	 was	 variable,	 but	 con-





























while	between	breeding‐to‐brooding	 seasons	was	 slightly	higher	 at	
2.5	km	(Appendix	S1:	Figures	A17	and	A18).
F I G U R E  2  Summary	plots	of	posterior	median	estimates	of	individual	Gunnison	sage‐grouse'	95%	utilization	distribution	area	for	the	
breeding	and	brooding	seasons	by	breeding	area	patch.	The	symbol	*indicates	measurements	beyond	the	maximum	y‐axis	limit.	Individual	
estimates	along	with	95%	credible	intervals	can	be	found	in	Appendix	S1:	Figure	A6





ment	 can	be	understood	 in	 the	 context	 of	 environmental	 spatial	
and	temporal	variability	(Schmidt	et	al.,	2010).	This	allows	a	more	
mechanistic	 understanding	 of	 habitat	 selection	 across	 spatial	
scales	 (Lafontaine	 et	 al.,	 2017),	 as	well	 as	 possible	meta‐popula-
tion	dynamics	by	recognizing	the	level	of	connectivity	among	habi-
tat	patches	 (Switzer,	1997),	which	has	 important	 implications	 for	
population	regulation	(Matthiopoulos	et	al.,	2005)	and	persistence	
(Schmidt,	 2004).	 More	 so,	 empirical	 studies	 framed	 by	 theory	
are	 essential	 to	 modifying	 the	 theory	 and	 its	 predictions	 based	












F I G U R E  3  Posterior	distributions	of	mean	distance	(left	plot)	and	nest	success	effect	(on	the	log‐scale;	right	plot)	between	consecutive	
year	nest	locations	of	Gunnison	sage‐grouse
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nesting	 closer	 to	 a	 previously	 successful	 nest	 did	 not	 improve	 the	
likelihood	of	 success	 in	 the	 following	year.	However,	we	 recognize	
that	nest	site	selection	may	be	based	on	variables	that	were	not	col-
lected	in	this	study,	including	brooding	or	fledgling	success.
Despite	 the	 extreme	 site	 fidelity	 observed,	we	 also	 found	 en-
vironmental	 variation	 across	 and	 within	 breeding	 patches,	 which	
suggests	variation	in	site	quality.	Specifically,	we	found	across	patch	
variation	 in	 soil	 temperature‐moisture	 regimes,	 precipitation	 and	
generally	 the	 ranging	size	of	UDs	within	 the	breeding	season.	We	






























is	 strong	 evidence	 that	 predation	 pressure	 and	 predator	 hunting	
mode	fundamentally	affects	prey	movement	and	space	use	(Miller,	
Ament,	 &	 Schmitz,	 2014).	 But	 also,	 breeding	 site	 fidelity	 strategy	






Therefore,	 in	 relatively	 homogenous	 habitat,	 in	 which	 individuals	
may	be	unable	to	avoid	numerous	opportunistic	predators	or	assess	
breeding	 site	 quality	 in	 terms	 of	 predation	 pressure,	 the	 costs	 of	










grouse	 do	 not	 move	 among	 breeding	 patches.	 We	 might	 expect	
Gunnison	 sage‐grouse	 to	 selectively	 move	 among	 patches	 in	 re-
sponse	 to	 failed	 nesting	 due	 to	 nest	 predation	 because	 moving	
farther	 (across	 patches,	 rather	 than	within)	may	 be	more	 likely	 to	
change	 predator	 communities	 and	 abundance,	 and	 thus	 predation	
pressure.	 Further,	 site	 fidelity	 to	 the	 patch	may	 be	 partially	 a	 by‐
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flight	muscles	 that	 are	 almost	 exclusively	 glycolytic	muscle	 fibres,	
which	limits	flights	to	short	bursts	of	activity	before	quickly	fatigu-
ing	 (Butler,	 2016).	 Therefore,	 to	move	 long	 distances	may	 require	
several	 short	 flight	bursts,	which	are	energetically	 costly	 and	per-
haps	risky	by	attracting	the	attention	of	predators.	Last,	we	cannot	
rule	out	 that	 site	 fidelity	may	be	at	 least	partially	due	 to	a	 lack	of	
density‐dependent	factors	that	when	present	would	cause	individ-
uals	 to	disperse	 rather	 than	 compete	 for	 limited	 resources	 (Harts,	
Jaatinen,	&	Kokko,	2016).
4.1 | Consequences of site fidelity
Spatial	 segregation	 of	 subgroups	 by	 breeding	 patch	 affilia-
tion	 within	 the	 eastern	 portion	 of	 the	 Gunnison	 basin	 suggests	
a	 high	 level	 of	 spatial	 structuring.	Over	 a	 seven‐year	period,	we	
observed	 few	 movements	 across	 breeding	 patches,	 suggesting	
that	 immigration–emigration	 processes	 have	 minimal	 influence	
on	the	meta‐population	dynamics	among	patches.	Rather,	within	
breeding	 patch	 dynamics	 in	 the	 breeding	 and	 brooding	 seasons	





pied	 (Matthiopoulos	 et	 al.,	 2005).	 We	 suggest	 habitat	 changes	












Animal	 site	 fidelity	 is	 a	 commonly	 observed	 behaviour	 that	 has	
important	 consequences	 to	 animal	 space	 use	 and	 thus	 the	 spatial	
structuring	of	populations.	Examining	the	spatial	and	temporal	vari-
ability	of	environmental	and	demographic	outcomes	contributed	to	
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